Monolithic SiC bodies (sintered SiC, reaction bonded SiC) were successfully joined using a silicone resin. Maximum values as high as 220 MPa in bending and about 50 MPa in shear tests were reached for samples joined at 1200°C. SiC/SiC f composites were also joined using a silicone resin or a polycarbosilane and various fillers. In this case, the strength of the joints was much lower, increasing only when specific fillers or reinfiltration of the joints were employed. The reason for the lower strength possessed by SiC/SiC f joints was attributed to the surface morphology of the composites.
INTRODUCTION
Silicon carbide is an important engineering ceramic because of its high strength and stability at elevated temperatures, and it is currently fabricated also in the form of a ceramic matrix composite, using SiC fibers as reinforcement. SiC/SiC f composites, in particular, have attracted a strong interest as components for the "first-wall" in a fusion energy system. In fact SiC/SiC f composites possess the thermal, mechanical, and nuclear stability necessary for the application in the field of nuclear fusion [1] . When considering joining of a SiC/SiC f composite, certain additional issues arise due to the use of composite as opposed to monolithic silicon carbide: specifically the degradation of fibers at an elevated temperature (determined by the type of fiber), the oxidation of the fiber-to-matrix interphase (in the presence of oxygen), and the surface roughness and porosity associated with the presence of the reinforcement within the ceramic matrix. Therefore, a method allowing joining of SiC/SiC f parts, but without compromising the overall properties that are needed, is required. For joining SiC-based ceramics, including composites, direct diffusion bonding, brazing, co-densification of green bodies and binders, reactive metal bonding, pressurized combustion reactions, in-situ displacement reactions, glassy interlayers, and reaction bonding techniques have been used, with various degrees of success [2, 3] . Generally speaking, diffusion bonding requires elevated temperatures (not compatible with the retention of fiber strength in composite materials) or pressures, while active metal brazing tends to create complex reaction layers which sometimes exhibit poor thermo-mechanical properties. The use of preceramic polymers for joining SiC-based ceramics has been proposed in the recent literature [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Indeed, the use of preceramic polymers for joining offers a number of attractive features, such as easy application, low processing temperatures and possibility to tailor the joint composition by adding suitable fillers to the preceramic precursor, but nevertheless several issues remain to be addressed and some specific problems still need to be solved. Preceramic polymers are organoelement polymers, generally containing silicon, which undergo a polymer-to-ceramic conversion when heated at temperatures ranging from 800 to 1400°C. In order to maintain the shape of the preformed body, the polymer, if not thermosetting itself, must be cross-linked, either by oxidation, e-beam or radiation curing. The pyrolysis of cross-linked polymers is accompanied by the formation of gaseous reaction products, high volume shrinkage and a pronounced density increase [14] . When the pyrolysis temperature is below about 1400°C, the produced material can be classified as an amorphous covalent ceramic, which usually transforms into a nanostructured crystallized ceramic at higher temperatures [15] . EXPERIMENTAL Three types of SiC-based ceramics were used in the joining experiments: 1) hot pressed α-SiC (cylindrical specimens with a diameter of 13 mm and a thickness of 4 mm, containing 0.5-1 % of either Al or B as sintering aid and having a porosity of 3 %, fabricated by ENEA); 2) reaction bonded SiC (SiSiC, bars 76x7x6 mm; HD530, Norton Company, Worcester, MA, consisting mainly of α-SiC crystals with a bimodal grain size distribution (approximately 10 and 100 µm) embedded in a free silicon phase (23 vol. %), with a density of 3.02 g/cm 3 and an open porosity less than 1%); 3) SiC/SiC f composites (two different SiC/SiC f composites (2D and 3D) produced by SEP, a division of Snecma (Saint-Medard-en-Jalles, France) were used. They consist of a bi-directional cloth (CERASEP N2-1) and of a tri-dimensional weave (CERASEP N3-1) of Nicalon fibers densified by chemical vapor infiltration (CVI). The monolithic ceramics were polished on one side using a 5 µm SiC paper (achieving a roughness of ~ 0.1 µm), and ultrasonically cleaned in acetone prior to joining. Original SiC/SiC f composite specimens (cut into 10x8x3 mm coupons for the joining experiments) had a rather complex surface morphology (roughness Ra ~15-25 µm, average peak-to-valley height Rz ~ 100 to 150 µm). Direct joining of as-received specimens (joining taking place on the coupons' main surface) was never successful, because the rough surfaces contain cavities in which the preceramic polymer is subjected to a large shrinkage upon pyrolysis, and the resulting defects in the ceramic layer behave as crack initiation sources [9] . In order to improve the surface quality, the composite specimens were thus mechanically polished on one side, using SiC and diamond paper, and ultrasonically cleaned in acetone prior to joining. After this procedure, the total roughness of both materials (measured on an area a few square millimeters wide) was greatly reduced. After grinding, the SiC/SiC f composite's surface was comprised of flat areas (a few hundred µm 2 wide) and of deep "valleys" where the fibers are interwoven. The surface roughness, measured only on the flat areas where joining mainly takes place, was of the order of 0.25-0.5 µm. It has to be pointed out that the SiC/SiC f composites have a thick SiC over-coat (> 100 µm) deposited by CVD, which was not completely removed by the mechanical surface preparation. Thus the fibers were not exposed and did not participate to the joint formation. The real area of contact (flat zones) is smaller than the nominal one, typically of the order of 60 to 80% for the 3D composite specimens [9, 11] . The preceramic polymers used in the joining experiments were: a methylhydroxyl-siloxane (SR350, General Electric Silicone Products Div., Waterford, NY) and two polycarbosilanes (PCS, Dow Corning X9-6348, and allylhydridopolycarbosilane (AHPCS, Starfire Systems, Watervliet, NY). In some cases, the polymers were loaded with a monomodal or a bimodal powder mixture (SiC or Si nano and micro powders, Al 88 -Si 12 alloy, ) or with ceramic fibers and cloths (plane weave carbon or Nicalon (SiC) fiber cloth, carbon or Nicalon fibers impregnated with SR350 resin, carbon felt impregnated with SR350 resin). The polymers were dissolved in suitable solvents, and the viscosity of the solution was varied by changing the amount of solvent and of fillers. The viscous solutions were applied to the specimens to be joined using a spatula, and the samples were then overlapped obtaining a sandwich structure. In the case of reaction bonded SiC, butt joints were also produced by cutting the overlapped joined specimens. In some cases, a crosslinking step by heating at 150-200°C in air was applied to cure the preceramic polymer. Reinfiltration experiments were also performed, using a diluted polymer solution without additives. After the infiltration in a vacuum container, the specimens were pyrolyzed, and the cycle was then repeated a few times. No pressure was applied during the thermal treatment. Pyrolysis was conducted either by annealing in a conventional tube oven or by hybrid microwave heating, processing always in an inert atmosphere. The pyrolysis cycle (heating and cooling rate, maximum temperature, dwelling time) were varied in order to assess the influence of the processing parameters on the strength and quality of the joints. The experimental details for the morphological, microstructural, compositional and mechanical analyses performed can be found elsewhere [5, 9, 10, 11, 13] .
RESULTS AND DISCUSSION
The values of the fracture shear stress, measured at room temperature, for α-SiC monolithic samples joined using a polysiloxane (SR350) and a polycarbosilane (PCS) at various temperatures are presented in Fig. 1a . The thickness of the joint, measured after the 200°C heat treatment, was 20 ± 2 µm. First of all it is evident that, contrary to silicone resin, polycarbosilane does not serve an effective joining material, probably because of its different decomposition behavior upon pyrolysis (lower ceramic yield, thermosetting polymer) leading to the formation of defects in the joint. The shear strength increases with the joining temperature, and for samples pyrolyzed at 1200ºC joined using the SR350 silicone resin, the most of the failures occurred not in the joint region but in the sintered α-SiC body. Since the shear strength of ceramics is significantly lower than their tensile strength it is possible that the elastic mismatch between the joint material and the substrate generates a large stress intensification in the substrates near the interface. It is also possible that defects in the joint layer propagate into the higher modulus substrate and cause failure. Other reasons that might justify this behavior are flaws generated in the SiC substrate by clamping (that activate only when the joint strength is sufficient enough to transfer stress). Among the motives that explain the increase in shear strength of the joints increase with increasing joining temperature are the decrease of residual stresses in the joint with decreasing joint thickness due to the shrinkage of the pyrolysis product, the development of more SiC-like species in the SiOC amorphous ceramic structure, and the densification of the polymer-derived ceramic material [14, 15] . The joining layer thickness strongly affected the joint strength (see Fig. 1b ), in particular joint strength decreased with increasing joint thickness (thickness was measured before pyrolysis, after the crosslinking step. The joining material was SR350). In fact, evolution of gases and shrinkage during processing are identified as critical processes that may control the presence of strength limiting flaws and residual stresses. Computed values of the shrinkage stress for different combinations of shrinkage rate and viscosity indicate that shrinkage rates greater than 1 x 10 -4 s -1 and values of viscosity above 1 x 10 11 Pa-s are required to generate significant values of stress (>10 MPa) that may form cracks in the joints [13] . Furthermore, the cooling rate and the joint thickness will influence the final stress state of a joint after cooling, with the residual stresses potentially leading to the formation of edge cracks, which may be avoided if the joint thickness is below a critical value [16] . Reaction-bonded SiC was also successfully bonded using SR350 polysiloxane. The flexural strength (butt joints) and shear strength, respectively, as a function of pyrolysis temperature are shown in Fig. 2a and 2b . High strength values can be obtained for processing temperatures higher than 1000°C. Due to the similarity between the thermal expansion coefficient of the polymer-derived SiOC ceramic (approximately 3.14x10 -6 K -1 ) and of the SiC material, no major residual stresses were observed in the joints, as shown by the casual propagation of a crack, initiated by Vickers indentation, in the joint region [10] . SiC/SiC f specimens were also joined using SR350 polysiloxane resin. An SEM micrograph indicating that while the joint, obtained by processing at 1200°C, appears to be continuous, some voids are present due to the rough surface morphology of the ceramic composite is shown in Fig. 4a . The flat interface structure observed by high resolution electron microscopy (HREM) (Fig. 4b ) and the lack of any reaction layer suggest a joining mechanism involving the direct formation of chemical bonds between the SiC/SiC f bodies and the ceramic joining material, which consists in an amorphous SiOC ceramic. Microchemical analyses showed no oxygen diffusion occurring between the SiOC and the SiC ceramics [9] . For all types of SiC-based ceramic substrates used, the mechanism of failure was cohesive, since traces of the pyrolyzed polymer could be found on each surface that had been joined. This indicates the formation of a strong adhesive bond between the substrate and the preceramic-derived ceramic material as well as the presence of a limited amount of residual stresses. However, in the case of the SiC/SiC f ceramic composite, the shear strength for the joint was not satisfactory, being on the average below 4 MPa [11] . The low strength was attributed to the presence of defects in the joining layer arising from shrinkage and densification of the preceramic polymer, concentrated within the non-flat areas of the composite surface. 2D and 3D composites, because of their different surface morphology, gave different results, with a lower strength for the samples possessing the most strongly textured surface (3D) [11] . The introduction of filler powders increased the strength and somewhat reduced the scattering of the data, due to the great decrease of shrinkage during pyrolysis, and the effective reduction defects in the layer. Average shear strength as high as 17.4 ± 3.5 MPa was achieved when using an active filler (Al 88 Si 12 powder), that melts before reacting to give ceramic products, thus ensuring a more homogeneous distribution of the reaction products within the joining layer, instead of concentrating them in scattered particles. By reinfiltration of these joints using a diluted polymer solution without additives (up to 4 times), followed by further pyrolysis at 1200°C, the shear strength strongly increased, due to the reduction of porosity within the joint itself (see Fig. 5 ). The difference in effectiveness between inert and active fillers might be related to the different distribution of the filler within the joining layer after processing (scattered particles in the first case, homogeneous distribution of reaction products in the second one). SiC/SiC f composite specimens were also joined using a polycarbosilane (AHPCS) loaded with a SiC powder mixture (monomodal or a bimodal in size). Both conventional and microwave hybrid pyrolysis of the preceramic polymer slurry produced SiC/SiC f joints that were continuous and with similar fracture strength (< 6 MPa). In general, the microwave hybrid heated specimens produced a coarser, grainier microstructure in the ceramic material, a slightly lower fracture stress and a higher Weibull modulus, both decreasing with increasing temperature. These results are consistent with a greater degree of conversion of the amorphous covalent ceramic pyrolysis product to crystalline SiC by the microwave hybrid heating process [17] . The importance of morphology of the surface in the case of joining ceramic composite samples (sandwich joint) was demonstrated using a slurry of liquid AHPCS and SiC powder (weight ratio SiC/AHPCS = 2.5) and repeating the joining procedure on the same surface of the sample for a number of times, after detaching the joined samples by mechanical testing. Indeed, the shear strength of joined 3D SiC/SiC f ceramic composite specimens increased considerably with decreasing surface roughness of the substrate (Fig. 6b) . Microscopy and profilometry data show that each iteration of the polishing and testing procedure produced a smoother surface (Fig. 6a) , because of the effective filling of the surface voids by the joining material ceramic residues. Since the surfaces that were joined were polished with 400 grit paper prior to each joining step, the change in surface morphology is due solely to the filling of the large inter-bundle pores present in the composite substrates, leading to a reduction in the flaw size or the number of flaws. It is also possible, however, that the surface treatment increased the contact area between the joint and the substrate and decreased the effective stress in the joining material (for the same load). Since mechanical interlocking can play an important role in the development of strong joints, a controlled study of the influence of surface treatment and contact area is therefore recommended.
Although low values of strength were obtained for joints between SiC/SiC f composites, which were unlike joints between monolithic ceramics and did not exhibit tolerable values of strength, we must point out that most of the work was carried out with the aim of satisfying criteria relevant to using the materials in a nuclear fusion reactor. Thus, very stringent limitations were enforced on the joining material and processing technique, such as the use only of low activation constituents (such as Si, C, O), and a processing temperature lower than 1200°C, in order not to damage the fibers of the composites used in the experiments. It is quite possible that the use of novel ceramic composite materials, such as the ones obtained with the NITE process [18] possessing a very different surface morphology from the current ones, the adoption of novel generation ceramic fibers allowing a much higher service temperature (and thus higher processing temperature), or the refinement of processing methods would allow successful joining of ceramic composites using preceramic polymers. From the data presented, which cover various materials and experimental conditions, it is evident that the joint strength depends simultaneously on a large number of variables (composition and characteristics of the joining material, processing schedule, surface morphology of the specimens, preparation of the surface, testing methodology, …) whose optimization requires a considerable experimental work. Furthermore, when joining ceramics using preceramic polymers, some issues specific to this technology have to be considered. These include: the preceramic precursor's yield, the setting characteristics, the rheology of the joining mixture, the amount and type of possible fillers, the maximum processing temperature, dwelling time, heating rate and the pyrolysis atmosphere. In particular, a critical area that still requires improvement in order to render more widely applicable this promising joining technology is the reduction of the shrinkage associated with the polymer-to-ceramic conversion of the precursors, resulting in the creation of strength-limiting flaws caused by stresses developing in the joint layer, and in the difficulty of producing hermetic seals (especially when joining rough surfaces).
CONCLUSIONS
Joints with up to 80% of the strength obtained by the best available joining methods [3, 19, 20, 21] have been obtained using preceramic polymer precursors as adhesives. Using preceramic polymers and fillers it is indeed possible to join SiC-based ceramics in a way that is rather simple, versatile and economical from the processing point of view. However, while the joining of monolithic ceramics has been successful, joining of ceramic composites, due to the morphology of the surfaces, has not resulted in joints with values of high strength. In the latter case, the use of fillers and, often, a careful preparation of the sample, are recommended.
